We present a version of ten-dimensional IIA supergravity containing a 9-form potential for which the field equations are equivalent to those of the standard, massless, IIA theory for vanishing 10-form field strength, F 10 , and to those of the 'massive' IIA theory for non-vanishing F 10 . We exhibit a multi 8-brane solution of this theory which preserves half the supersymmetry. We propose this solution as the effective field theory realization of the Dirichlet 8-brane of type IIA superstring theory.
Introduction
Recent advances in our understanding of non-perturbative superstring theory have led to the establishment of many connections between hitherto unrelated superstring theories. Many of these connections involve p-brane solutions of the respective supergravity theories that couple to the (p+1)-form potentials in the Ramond-Ramond (RR) sector. These RR p-branes are all singular as solutions of ten-dimensional (D=10) supergravity, so their status in superstring theory was unclear until recently. It now appears that the RR p-branes of type II supergravity theories have their place in type II superstring theory as 'Dirichlet-branes', or 'Dbranes' [1] . These include the p-branes for p = 0, 2, 4, 6 in the type IIA case and the p-branes for p = 1, 3, 5 in the type IIB case. However, they also include a type IIB (-1)-brane (instanton) and a 7-brane [2] , and a type IIA 8-brane.
Since p-branes couple naturally to (p+1)-form potentials, the existence of an 8-brane in type IIA D=10 superstring theory suggests the existence of a corresponding 9-form potential, A 9 , with 10-form field strength, F 10 , in the effective type IIA supergravity theory. Assuming a standard kinetic term of the form F 2 10 , the inclusion of this field does not lead to any additional degrees of freedom (per spacetime point) and so is not immediately ruled out by supersymmetry considerations, but it allows the introduction of a cosmological constant [1] , as explained many years ago in the context of a four-form field strength in four-dimensional field theories [3, 4] . As it happens, a version of type IIA supergravity theory with a cosmological constant was constructed some time ago by Romans [5] , who called it the 'massive' IIA supergravity theory. This theory has the peculiarity that D=10 Minkowski spacetime is not a solution of the field equations (and neither is the product of D=4 Minkowski spacetime with a Calabi-Yau space). Various Kaluza-Klein (KK) type solutions were found by Romans but none of them were supersymmetric, i.e. these solutions break all the supersymmetries.
Here we shall present the 10-form reformulation of Romans' theory. The new IIA supergravity theory has the advantage that its solutions include those of both the massless and the massive IIA theory. We propose this new IIA supergravity theory as the effective field theory of the type IIA superstring, allowing for the 9-form potential. It has been suggested [1, 6] that the expectation value of the dual of the 10-form field strength of this superstring theory should be interpreted as the cosmological constant of the massive IIA supergravity theory. One result of this paper is the determination of the precise relation between these quantities; they are conjugate variables in a sense discussed previously in the D=4 context [7] . Our main result is the construction of multi 8-brane solutions of the new IIA supergravity theory which preserve half the supersymmetry. These solutions are singular at the 'centres' of the metric, but this is a general feature of RR p-branes.
We propose these solutions as the effective field theory realization of Dirichlet 8-branes of type IIA superstring theory.
We begin with a review of the massive IIA supergravity, introducing some simplifications. We then construct the new formulation of the bosonic sector of this theory, incorporating the 9-form gauge field A 9 , in which the cosmological constant m emerges as an integration constant. We then construct a supersymmetric 8-brane solution of the massive IIA supergravity theory and show that it has a generalization to multi 8-brane solutions of the new IIA theory. The latter solutions include some which are asymptotically flat. We shall comment further on the relation to type IIA superstring theory in the conclusions.
The massive IIA supergravity
The bosonic field content of the massive IIA D=10 supergravity theory comprises (in our notation) the (Einstein) metric, g (E) , the dilaton, σ, a massive 2-form tensor field B ′ and a three-form potential C ′ . One introduces the field-strengths
where m is a mass parameter. The Lagrangian for these fields is [5] 
2)
The notation for forms being used here is that a q-form Q has components Q M1...Mq
given by
Thus, the (1/9)εdC ′ dC ′ B ′ term in (2.2) is shorthand for
As explained in [5] the massless limit is not found by simply setting m = 0 in (2.2) because the supersymmetry transformations involve terms containing m −1 .
Instead, one first makes the field redefinitions
This redefinition introduces the gauge invariance
for which the gauge-invariant field strengths are
The bosonic Lagrangian of the massive IIA theory is now 8) and the bosonic Lagrangian of the massless IIA theory can now be found by taking the m → 0 limit.
The Lagrangian (2.8) can be simplified by the further redefinitioñ
The Λ-gauge transformation of the new 3-form C is
and the gauge-invariant field strengths, F , H, and G are now given by
(2.11)
At the same time, to make contact with string theory, it is convenient to introduce the string metric
The bosonic Lagrangian now takes the simple form
(2.13)
Observe that the final topological term is simply a type of Chern-Simons (CS) term associated with the 11-form G 2 H. Thus, the bosonic action of the massive type IIA supergravity theory can be written as Observe that the cosmological constant term in (2.14) is now (in the string metric) independent of the dilaton. This is typical of the RR sector and is consistent with the idea that m can be interpreted as the expectation value of the dual of a RR 10-form field strength. This interpretation would have the additional virtue of restoring the invariance under the discrete symmetry in which all RR fields change sign, a symmetry that is broken by the terms linear in m in (2.13). We shall now show how to reformulate the massive IIA theory along these lines. As we shall see the cosmological constant is simply related to, but not equal to, the expectation value of the ten-form field strength.
IIA supergravity with 9-form potential
We shall start with the bosonic Lagrangian of (2.13). Expanding in powers of m, the associated action I(m) is Note that the gauge and supersymmetry transformations of the action I(M) no longer vanish. However, the variations of I(M) are proportional to dM and can therefore be cancelled by a variation of the new 9-form gauge potential A 9 . This determines the gauge and supersymmetry transformations of A 9 . The supersymmetry variation will not be needed for our purposes so we omit it. The Λ-gauge transformation of A 9 found in this way is
We now have a new gauge-invariant bosonic action
The field M can now be treated as an auxiliary field that can be eliminated via its field equation
where
Using this relation in (3.5) we arrive at the Lagrangian
where L 0 is the bosonic Lagrangian of the massless IIA theory. Note the nonpolynomial structure of the new Lagrangian in the gauge field B. This greatly obscures the Λ-gauge invariance, which is ensured by the very complicated Λ-gauge transformation of A 9 .
4. The Eightbrane
The appearance of the 9-form potential in the above reformulation of the massive IIA supergravity theory suggests the existence of an associated 8-brane solution. We will find solutions of the equations of motion of (3.8) of the form
with all other fields vanishing, and where η is the Minkowski 9-metric. Such a solution will have 9-dimensional Poincaré invariance and hence an interpretation as an 8-brane. We shall further require of such a solution that it preserve some supersymmetry, so we shall begin by considering the variation of the gravitino one-form ψ and the dilatino λ in the presence of configurations of the above form.
The full variations of the massive IIA theory can be found in [5] . They depend on the constant m. In the new theory, this constant is replaced by the function M given in (3.6). For the backgrounds considered here, √ −gM = εF 10 and the supersymmetry variations of the fermions reduce to
σ Γǫ where the prime indicates differentiation with respect to y. To find non-zero solu-tions for ǫ we are now forced to suppose that
We then find that
Mf e Eliminating M from these equations we deduce that The general solution is given in terms of a harmonic function V (y), the precise nature of which will be discussed shortly, i.e. In principle, we have still to consider the other field equations, but we have checked that they are all solved by the above field configurations. The Einstein metric of the multi 8-brane solution is
The string metric is
The Killing spinor ǫ is given by where the sign depends on the choice of chirality of ǫ. However, V must be positive for real σ, so the spinor ǫ must change chirality at y = y 0 . This is possible because the spinor ǫ vanishes at y = y 0 . This is acceptable because the metric (either the Einstein or the string one) is also singular at y = y 0 . Thus, the massive IIA theory has a solution for which
Note that V is a continuous function of y with a kink singularity at y = y 0 , at which the curvature tensor has a delta function singularity.
In the new IIA theory we may suppose that M is only locally constant. The form of the function V (y) in this case depends on the type of point singularity that we allow. The above example suggests that we should require V to be a continuous function of y. There are solutions with discontinuities in V but they have δ ′ type singularities of the curvature tensor, and we shall not consider them. In any case, the restriction to kink singularities produces physically sensible results, as we shall
see 
The multi 8-brane generalization of (4.16) with the same charges is found by allowing kink singularities of V at n+1 ordered points y = y 0 < y 1 < y 2 < . . . < y n .
The function V is 
Comments
One obvious point to be considered is the nature of the nine-dimensional world- Normally V is harmonic on the transverse eight-dimensional Euclidean space, but after compactification on T 7 to D=4 we need a harmonic function on R × T 7 . The solution that is constant on T 7 is therefore similar to that given above for the type II 8-brane and we have verified that it is a supersymmetric solution of the massive N=8 D=4 supergravity theory constructed in [4] , so its status is rather similar to that of the 8-brane solution of the massive type IIA supergravity.
The single 8-brane solution described in this paper should be related to the Since all the p-brane solutions of D=10 IIA supergravity for p < 8 can be viewed as arising from some 11-dimensional 'M-theory' [8, 9, 10, 11] , it would be surprising if the 8-brane did not also have an 11-dimensional interpretation. The obvious possibility is that the D=10 8-brane is the double-dimensional reduction of a D=11 supersymmetric 9-brane. Such an object would be expected (see [12] )
to carry a 9-form 'charge' appearing in the D=11 supertranslation algebra as a central charge. This is possible because the 2-form charge normally associated with the D=11 supermembrane is algebraically equivalent to a 9-form. It is not easy to see how to implement this idea, however, since there is no 'massive' D=11 supergravity theory. One possibility is suggested by the recent interpretation [11] of the heterotic string as an S 1 /Z 2 compactified M-theory. Since the compactification breaks half the supersymmetry and the compactifying space is actually the closed interval, the two D=10 spacetime boundaries might be viewed as the worldvolumes of two D=11 9-branes.
